ABSTRACT Background: Dietary triglycerides can, after digestion, stimulate the intestinal release of incretin hormones through activation of G protein-coupled receptor (GPR) 119 by 2-monoacylglycerol and by the activation of fatty acid receptors for long-and short-chain fatty acids. Medium-chain fatty acids do not stimulate the release of intestinal hormones. Objective: To dissect the mechanism of fat-induced glucagon-like peptide 1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP) release in humans, we compared the effects of tributyrin (containing short-chain fatty acids; i.e., butyric acid), olive oil [containing long-chain fatty acids; e.g., oleic acid plus 2-oleoyl glycerol (2-OG)], and 1,3-dioctanoyl-2-oleoyl glycerol (C8-dietary oil), which is digested to form medium-chain fatty acids (i.e., octanoic acid) and 2-OG. Design: In a randomized, single-blinded crossover study, 12 healthy white men [mean age: 24 y; BMI (in kg/m 2 ): 22] were given the following 4 meals on 4 different days: 200 g carrots + 6.53 g tributyrin, 200 g carrots + 13.15 g C8-dietary oil, 200 g carrots + 19 g olive oil, or 200 g carrots. All of the lipids totaled 0.0216 mol. Main outcome measures were incremental areas under the curve for total GLP-1, GIP, and cholecystokinin (CCK) in plasma. Results: C8-dietary oil and olive oil showed the same GLP-1 response [583 6 101 and 538 6 71 (pmol/L) 3 120 min; P = 0.733], whereas the GIP response was higher for olive oil than for C8-dietary oil [3293 6 404 and 1674 6 270 (pmol/L) 3 120 min; P = 0.002]. Tributyrin and carrots alone resulted in no increase in any of the measured hormones. Peptide YY (PYY) and neurotensin responses resembled those of GLP-1. Only olive oil stimulated CCK release. Conclusions: Under our study conditions, 2-OG and GPR119 activation can fully explain the olive oil-induced secretion of GLP-1, PYY, and neurotensin. In contrast, both oleic acid and 2-OG contributed to the GIP response. Dietary butyrate did not stimulate gut hormone secretion. Olive oil-derived oleic acid seems to be fully responsible for olive oil-induced CCK secretion. This trial was registered at clinicaltrials.gov as NCT02264951.
INTRODUCTION
Dietary fat appears to stimulate the intestinal release of the incretin hormones glucagon-like peptide 1 (GLP-1) 7 and glucose-dependent insulinotropic polypeptide (GIP) (1, 2) , and this effect is mediated by the digestion products of dietary fat (3, 4) [i.e., 2-monoacylglycerol and fatty acids (5, 6) ]. Fatty acids may stimulate incretin release through the activation of the receptors G protein-coupled receptor (GPR) 40 (7) and GPR120 (8) and stimulation of protein kinase Cz (9) , whereas GPR119 can be activated by 2-monoacylglycerols. Indeed, 2-oleoyl glycerol (2-OG) has been shown to stimulate the release of incretin hormones in humans (10, 11) . The aim of the present study was to dissect the mechanism of fat-induced GLP-1 and GIP release in humans by investigating the effects of a structured triglyceride, 1,3-dioctanoyl-2-oleoyl glycerol (C8-dietary oil). Ingested C8-dietary oil is hydrolyzed by gastrointestinal lipases to 2-OG and octanoic acid, a medium-chain fatty acid, which is a poor agonist for known long-chain fatty acid receptors (12, 13) . Octanoic and decanoic acids are generally used as a negative control for effects of long-chain fatty acids in the intestine (14) . Thus, C8-dietary oil can be expected to act exclusively via GPR119 (via its 2-OG component), whereas olive oil may lead to the activation of both GPR119 as well as long-chain fatty acid receptors and other fatty acid-sensing mechanisms (combining the effects 2-OG and oleic acid). Short-chain fatty acids have also been suggested to stimulate GLP-1 release (15, 16) ; we therefore also studied the effects of tributyrin (a triglyceride containing 3 C4 fatty acids) in our human volunteers.
Thus, the present study evaluated in a randomized, singleblinded crossover design in healthy male human volunteers the effects of tributyrin plus carrots, C8-dietary oil (a triglyceride containing 2 C8 fatty acids and 1 oleic acid at the sn-2 position) plus carrots, olive oil (a triglyceride containing mostly 3 oleic acids) plus carrots, and only carrots (control) on plasma concentrations of GLP-1 and GIP (primary endpoints). Secondary endpoints included plasma concentrations of glucose, insulin, Cpeptide, neurotensin, glucagon, peptide YY (PYY), and cholecystokinin (CCK).
All of the lipid meals totaled 0.0216 mol; and theoretically, the C8-dietary oil and olive oil regimens both result in the formation of 0.0216 mol 2-OG during digestion [0.0216 mol olive oil is equivalent to 19 g (20 mL) and is considered to be a reasonable fat dose that resembles the fat intake during a light meal]. In Scandinavian countries, daily fat consumption is w35% of energy, which is equivalent to 80-100 g/d (17) .
METHODS

Ethical approval
The study was conducted according to the principles of the Helsinki Declaration II and approved by the Scientific-Ethical Committee of the Capital Region of Denmark (registration H-2-2013-102).
Subjects
Twelve healthy white male subjects participated in the study. Their characteristics are presented in Table 1 . Exclusion criteria included elevated glycated hemoglobin, kidney disease with serum creatinine .130 mM and/or albuminuria, liver disease with plasma alanine transaminase more than twice the upper limit of the normal range, a family history of type 2 diabetes, or anemia. Treatment with any medicine that could not be stopped for at least 10 h also resulted in exclusion. All subjects provided consent to participate after receiving oral and written information before inclusion in the study.
Study design
The study was designed as a randomized, single-blinded crossover study. After an overnight (10 h) fast, including water, medication, and tobacco use, participants underwent sample collection while in a recumbent position. A cannula was inserted into a cubital vein, and the cannulated arm was wrapped in a heating pad throughout the experiment for collection of arterialized blood samples. The participants were given different "meals" on 4 different days in random order consisting of 200 g grated carrots and 1.0 g acetaminophen dissolved in 40 mL water plus, in a shot glass, 1) 6.53 g tributyrin, 2) 13.15 g C8-dietary oil, or 3) 19 g olive oil or 4) no addition. Theoretically, both olive oil and dietary-oil meals result in the formation of 0.0216 mol 2-OG during digestion. The caloric content of the oils was 38.5, 107, and 171 kcal for tributyrin, C8-dietary oil, and olive oil, respectively, calculated on the basis of the amount of ATP generated from the total oxidation of the 2 oils and the fact that dietary fat combustion provides 9 kcal/g. Carrots are composed of 380 KJ/200 g (9% protein, 8% fat, 83% carbohydrates) (18) . The participants drank the oil in 1 mouthful and did not report significant differences in taste and palatability. Arterialized blood was drawn 15, 10, and 0 min before and 10, 20, 30, 40, 50, 60, 75, 90, and 120 min after ingestion of the meal and dispensed into chilled tubes containing EDTA plus aprotinin (500 Kallikrein inhibitor units/mL blood; Trasylol; Bayer Corporation) and a specific dipeptidyl peptidase 4 inhibitor (valine-pyrrolidide; 0.01 mmol/L; courtesy of Novo Nordisk) for analysis of glucagon, GIP, GLP-1, PYY, CCK, and neurotensin. For insulin and C-peptide analyses, blood was collected into chilled tubes containing heparin. All tubes were kept on ice before and after blood sampling. Samples were centrifuged at 48C for 20 min at 1500 3 g. Plasma for glucagon, GLP-1, GIP, PYY, CCK, neurotensin, and triglyceride analyses was stored at 2208C; and plasma for insulin and C-peptide analyses was stored at 2808C until analysis. For the analysis of acetaminophen and triglycerides, blood was distributed into dry vials and left to coagulate for 20 min at room temperature before centrifugation and handling as described below. For bedside measurement of plasma glucose, blood was added to fluoride tubes and centrifuged (7400 3 g) immediately for 2 min at room temperature.
Solutions
Olive oil (Olio Rocchi extra virgin olive oil) was from Oleificio R.M. and C8-dietary oil (1,3-dioctanoyl 2-oleoyl glycerol of .97% purity) and tributyrin were from Larodan.
Analyses
Before analysis, plasma samples were extracted with 70% ethanol (glucagon, GLP-1, GIP, and neurotensin) or 64% ethanol (CCK) (final concentrations). Plasma samples were assayed for total GLP-1 immunoreactivity, as previously described (19) , by using antiserum 89390, which is specific for the C-terminal part of the GLP-1 molecule; total GIP concentration was measured by using antiserum 80867, as previously described (20) . For both assays, the detection limit was w1 pmol/L and the intra-assay CV was ,6%. PYY (3-36) was measured by using a commercially available radioimmunoassay kit from Millipore (catalog no. PYY-67HK). The assay has no cross-reaction with PYY (1-36) up to 250 pmol/L and has a sensitivity ,5 pmol/L. All quality controls were within prespecified limits. The concentrations of plasma glucose were measured bedside by the glucose oxidase method with the use of a glucose analyzer (YSI model 2300 STAT plus analyzer; YSI Inc.). Plasma C-peptide and insulin concentrations were measured by using 2-sided electrochemiluminescence immunoassays (Roche/Hitachi modular analytics; Roche Diagnostic GmbH). The detection limit was ,2 pmol/L for both assays, and intra-assay CVs were 4.6% for the C-peptide assay and 1.9% for the insulin assay (21) . The glucagon assay is directed against the C-terminus of the glucagon molecule (antibody code no. 4305) and therefore measures glucagon of mainly 
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pancreatic origin (22) (23) (24) . Total neurotensin was measured with an in-house radioimmunoassay by using an N-terminal-specific antibody (code no. 3D97). The standard used was neurotensin catalog no. H-4435 (Bachem), and the tracer was 125 I-labeled neurotensin labeled by using the standard stoichiometric chloramines T method. The assay shows ,0.1% cross-reaction with neuromedin N. CCK was measured as described earlier by using antiserum no. 92128, which binds all bioactive forms of CCK and displays no crossreactivity with gastrin (25) . Triglycerides were measured by using an enzymatic kit from Sigma-Aldrich (catalog no. TR0100) with a modified protocol with the use of 2 mL plasma. Enzymatic reactions were performed in duplicate and measured in 96-well plates at 550 nm. Triglyceride concentrations were calculated according to the protocol. The detection limits were from 0.7 to 11.3 mmol/L defined by a recovery of at least 80% and a CV of ,10%. Serum samples were assayed for acetaminophen by using Vitros Chemistry Systems (Otho Clinical Diagnostics, Johnson & Johnson).
Statistical analyses and calculations
All results are expressed as means 6 SEMs unless otherwise mentioned. Statistical analysis was performed by using GraphPad Prism 4 software (GraphPad Software). Repeated-measures ANOVA was followed by Tukey's post hoc test. AUC values were calculated by using the trapezoidal rule and are presented as the incremental (area below baseline subtracted) AUC (iAUC) values unless otherwise indicated to focus on meal-induced responses. Furthermore, we analyzed differences in individual time points compared with carrots using paired t tests. The acetaminophen absorption test was used to determine gastric emptying rates (26) .
RESULTS
All 12 participants completed the study, and no side effects were reported after the ingestion of the oil regimes. Participant characteristics are shown in Table 1 , and baseline values are presented in Table 2 . Peak values and times to peak are presented in Table 3 , and the impact of the 4 different meals on hormone responses (shown as AUCs) is presented in Table 4 .
GLP-1, GIP, PYY, and neurotensin
Time courses for GLP-1, GIP, PYY, and neurotensin responses to the 4 different meals are shown in Figure 1 . No differences in baseline concentrations were observed between the 4 experimental days for GLP-1, GIP, PYY, or neurotensin (Table 2) . For all 4 hormones, olive oil had higher peak values than tributyrin and carrots alone, whereas these values were higher for GLP-1 and GIP only when C8-dietary oil was consumed (Table 3) .
Peak times for GLP-1, PYY, and neurotensin were significantly delayed with C8-dietary oil compared with tributyrin and carrots alone (except for GLP-1), whereas olive oil resulted in a delayed peak time for PYY only. Peak times and peak values were not different between C8-dietary oil and olive oil, with the exception of the GIP peak values ( Table 3 ). The ingestion of both C8-dietary oil and olive oil with carrots as a vehicle elicited significantly greater GLP-1, GIP, PYY, and neurotensin responses (iAUCs) than did tributyrin plus carrots or carrots alone (Table 4) . GIP (iAUC) values were significantly greater with olive oil than with C8-dietary oil. No significant differences were observed between C8-dietary oil and olive oil for GLP-1 or PYY (iAUC) ( Table 4) .
Glucose, insulin, C-peptide, and glucagon
Time courses for glucose, insulin, and C-peptide and glucagon responses to the 4 different meals are shown in Figure 2 . We found no differences in baseline concentrations or peak values for insulin, C-peptide, and glucagon (Tables 2 and 3 ). Likewise, we found no differences in baseline values for glucose, but the peak value was significantly lower with olive oil than with tributyrin. Insulin (iAUC) was significantly greater with tributyrin, C8-dietary oil, and olive oil than with carrot alone. No differences between the 3 oil days were observed. C-peptide (iAUC) was significantly greater with the C8-dietary oil than with carrots. Glucose (iAUC) was significantly lower with olive oil than with both tributyrin and carrots. Glucagon (iAUC) was significantly greater with olive oil than with tributyrin. No other significant differences were observed (Table 4) .
CCK and triglycerides
Time courses for CCK and triglyceride responses to the 4 different meals are shown in Figure 3 . No differences in baseline concentrations or peak time values (except for triglyceridesolive oil) were observed between the 4 d for CCK and triglycerides (Tables 2 and 3) . Olive oil elicited a significantly greater CCK peak value than did both tributyrin and carrots alone (Table 3) . CCK (iAUC) was significantly greater (P , 0.05) with olive oil than with tributyrin or carrots alone. Triglyceride (iAUC) concentrations were significantly greater (P , 0.05) with olive oil than with C8-dietary oil. No other significant differences were observed (Table 4) .
Gastric-emptying rate
Time courses for the gastric-emptying rate of the 4 different meals are shown in Figure 3 . No significant differences in baseline values (except for olive oil vs. carrots) (acetaminophen, Table 2 ), peak time (acetaminophen, Table 3 ) or gastric-emptying rate (acetaminophen, Table 4) were observed between the 4 d.
DISCUSSION
The release of gut hormones can be stimulated by various dietary constituents, but dietary fat is an important stimulus (1, 27) . On digestion of dietary fat, fatty acids and 2-monoacylglycerol are generated in the small intestine (6) , and this digestive process is important for the stimulatory effect of dietary fat (4). However, the exact receptors and sensing mechanisms involved in fat-stimulated GLP-1 release in humans have not been clarified (28) . Although both fat-and glucose-induced release of gut hormones was originally believed to be calorie dependent, recent research suggests that the sensing mechanisms mainly involve nutrient transporters and GPRs, which sense molecules not energy intake (28) . In the present study, we chose to compare the dietary lipids on a molar basis and not on a caloric basis. This is due to the fact that fatinduced hormone release is not calorie dependent but instead is molecule dependent; thus, Barbera et al. (14) showed that mediumchain triacylglycerol does not stimulate intestinal hormone release although it provides the same amount of calories as long-chain triacylglycerol, which does stimulate release. Medium-chain fatty acids, which are not stored, are oxidized to a larger extent than longchain fatty acids, which, to various degrees, may be stored in adipose tissues (29) . Our results show that olive oil and C8-dietary oil induced comparable increases in plasma concentrations of GLP-1. It is well documented in the literature that medium-chain fatty (12, 14, 30, 31) . Thus, the 2-OG moiety of the C8-dietary oil, which is also generated from olive oil, must have been responsible for their GLP-1-releasing effect, probably mediated via activation of GPR119 on enteroendocrine cells. This implies that the oleic acid moiety derived from the digestion of olive oil had little if any stimulatory effect on GLP-1 release at the present dose of 20 mL olive oil. In a study by Beglinger et al. (12) , intraduodenal infusion of sodium oleate (8 mmol/h for 2 h) resulted in an increase in GLP-1 concentration in plasma. A CCK-1 receptor antagonist blocked this response, suggesting that the GLP-1 release was secondary to the CCK release (12). Little et al. (32) also showed that intraduodenal infusion of lauric acid (dodecanoic acid, a C12 fatty acid) stimulated CCK and GLP-1 release in humans in a load-dependent manner, expressed as calories/minute or moles/minute. In our study, C8-dietary oil (oral consumption of 21.6 mmol) did not stimulate CCK release, although we saw an increased GLP-1 release. Major differences between the fatty acid infusion studies and our study are both the type of lipids provided and the way in which the lipids were administered. The infusion of fatty acids without 2-monoacylglycerol may lead to a nonphysiologic accumulation of the fatty acids in the intestine compared with when triacylglycerol (generating fatty acid plus 2-monoacylglycerol) is provided, because both 2-monoacylglycerol and fatty acids are necessary for the major pathway of triglyceride synthesis in the enterocytes. When C8-dietary oil was provided, one may argue that 2-OG in the same way may accumulate due to a lack of longchain fatty acids for triacylglycerol synthesis. However, long-chain fatty acids may not be a limiting factor because they can derive from exfoliated cells and from hydrolysis of bile phospholipids (33) . Thus, in a more physiologically relevant setting, the 2-monoacylglycerol moiety of a moderate dose of dietary fat may have a greater effect on GLP-1 release than the fatty acid moiety. In our study, the release of GIP was greater with olive oil than with C8-dietary oil, implying that both the long-chain fatty acid part and the 2-monoacylglycerol part of olive oil contributed to GIP release, whereas in the case of the C8-dietary oil, only the 2-monoacylglycerol part contributed. PYY and neurotensin release were stimulated to comparable degrees by olive oil and C8-dietary oil, implying that the 2 peptides were released by a mechanism similar to that for GLP-1 release, probably involving 2-monoacylglycerol and GPR119. Indeed, these hormones may-at least to some extent-be expressed in the same enteroendocrine cells (34) . In contrast to incretin release, CCK release was only stimulated by olive oil, implying that it is the fatty acid part-and not the 2-monoacylglycerol part-of olive oil that is responsible for the CCK release at a dose of 20 mL olive oil. This is in agreement with the general view that CCK release is stimulated by luminal fatty acids, probably via the GPR40 receptor (35, 36) and via protein kinase Cd (37) . Many studies have shown that intraluminal infusion of long-chain fatty acids can stimulate GLP-1 release (36, 38) , but this infusion procedure may not reflect the effects of a physiologic dose of dietary fat in a meal. The infusion of fatty acids without concomitant 2-monoacylglycerol can result in changes in fatty acid metabolism, resulting in decreased chylomicron secretion, increased release of fatty acids to the portal blood (6) , and perhaps prolonged presence in the intestinal lumen and increased b-oxidation in enterocytes. Intestinal infusion of fatty acids may thus overestimate the contribution of diet-derived fatty acids in the release of GLP-1. Our study was conducted with a dose of 20 mL olive oil, and it is possible that, with a higher dose of olive oil, the long-chain fatty acid part of the olive oil might contribute to the release of incretins, as seen with a loaddependent effect of lauric acid infusions (32) . The increase in plasma concentrations of insulin was greater with all 3 oil regimens. In the case of olive oil and C8-dietary oil, this may be caused by increased release of incretin hormones, whereas in the case of tributyrin, the mechanism is not clear. Short-chain fatty acids have been reported to stimulate GLP-1 release in rodent intestinal cells (16) , which express receptors for short-chain fatty acids (15) , but the present dose of oral tributyrin did not have any effect on the release of any of the hormones. Only olive oil decreased the plasma glucose response, which may be due to a combined effect of increased concentrations of insulin, incretin hormones, and CCK, which is known to delay stomach emptying, although no significant difference was seen in the paracetamol response. In our previous study, human volunteers were given a 2-g dose of 2-OG directly into the duodenum, which resulted in an increased release of GLP-1 and GIP but not PYY (11) . However, again, the experimental design with an acute dose of 2-monoacylglycerol without accompanying fatty acids may not reflect the effect of 2-monoacylglycerol locally formed during the digestion of triglycerides in the small intestine. The present experimental design with oral intakes of reasonable doses of C8-dietary oil and olive oil is thought to mimic more accurately the signaling functions of dietary fat in the small intestine of humans during the intake of a light meal. Carrots (200 g; containing mainly carbohydrates, fibers, and water) were chosen as the vehicle meal and, as expected, were without effect on the release of any of the incretin hormones. In the present study, we did see a PYY response to fat, which may be caused by the larger and more sustained formation of 2-OG (totaling 0.0216 mol), which is 4 times the 2-g dose used in the previous study (11) .
In conclusion, the present results suggest that the 2-monoacylglycerol part of a reasonable dose of dietary olive oil is solely responsible for the release of GLP-1, PYY, and neurotensin, whereas the fatty acid part has little, if any, role at all. GPR119 may mediate the effects of 2-monoacylglycerol. With regard to fat-stimulated GIP release, both the 2-monoacylglycerol part and the fatty acid part may be responsible, whereas only the fatty acid part seems to be responsible for the fat-stimulated release of CCK.
